In order to overcome the relatively low detection efficiency (< 1%) intrinsic of a double scatter Compton telescope such as COMP-TEL1 a homogeneous, self-triggered, three-dimensional (3D) position sensitive detector such as a LXeTPC, was proposed several years ago2 . In a COMPTEL type telescope the acceptable event topologies are restricted to a single Compton scatter in a first detector layer (converter), followed by absorption of the scattered y-ray in a second detector layer (absorber), with the separation between the two layers large enough to order the two interactions by timee of-flight (TOF) measurement. In a homogeneous detector, however, P j detection of MeV y-rays allows a variety of different event topologies to be recorded and used for imaging, with a large increase in efficiency. In absence of a TOF measurement, the correct order of the multiple Compton interactions has to be determined from the redundant kinematical and geometrical information measured for each event. As previously suggested in Aprile et al. 1993 and more recently in Schmid et al. 1999 and in Boggs et al. 2OOO ,event reconstruction based on Compton kinematic allows to correctly order the interactions. Moreover, background suppression is a direct consequence Compton kinematic reconstruction. Here we present the current status of our work on this topic within the context of the LXeGRIT program.
-1' pi-1 0.
(P

DEFINITION OF THE PROBLEM (2)
Hard X-Ray, Gamma-Ray, and Neutron Detector Physics II, Ralph B. James, Richard C. with E7 (i = O . . . , N -1) and El (i = 1 , . . . , N) the energy of the y-photon and the scattered electron after interaction i.
E is the energy of the incoming photon and p are the corresponding momenta. The dispersion relations for photons and electrons reduce these four equations to three independent equations. The vector equation 2 translates into two independent equations for the photon scatter angle p and the electron scatter angle O (i = 1 , . . . , N -1):
Wi W+i mc cotO = ( + tan (4) \\ moc)
2
If the last measured interaction N is a photo-absorption, there is no meaningful electron scatter angle ON (even though an electron is released in the process). For LXeGRIT, the electron scatter angles are not measured (in the considered energy range, interactions are actually pointlike, since the typical electron range does not exceed the given granularity) and are therefore ignored in the following. The detector measures N energy deposits E( El) and N interaction locations x. For a given interaction sequence, the locations determine geometrically N -2 photon scatter angles çf (i = 2, .. . ,N -1) in the usual case of unknown source position:
where it = (x
For calibration sources, pi is known additionally. Moreover, N -1 Compton scatter angles are measured by the energy deposits according to equation 3, noting that E7 = j+i E (i =0, . . . ,N -1). This redundant information allows testing of the sequence of the interaction points based solely on kinematics. A straightforward test statistic consists of summing the differences of the scatter angles quadratically:
Ideally, the test statistic would be zero for the correct sequence if the photon is fully contained. With measurement errors, T is always greater than zero, but the correct interaction sequence is still most likely to produce the minimum value of the test statistic. In addition to minimizing T, an upper threshold can in principle discriminate against photons that are not fully absorbed. This can be improved by weighting the summands with the measurement errors:
(cos -cosq)2 with:
For each triplet of interactions and a< are computed in the following way:
. Eq. 8 holds only under assumption that the 3D separation between two interactions is large compared to position uncertainties, which we insure by corresponging data cuts.
THE LXEGRIT DETECTOR
The LXeGRIT (Liquid Xenon Gamma-Ray Imaging Telescope) instrument was developed as a prototype of Compton telescope exploiting 3D imaging capability and good spectral response of a LXeTPC. It is described in Aprile et al. 
PERFORMANCE OF THE ALGORITHM
The Compton sequence reconstruction (CSR) algorithm has been implemented in a C routine, as a module of the LXeGRIT analysis software. It has been tested using Monte Carlo data and then applied to experimental data.
Given the range of tipically recognizable interactions, 3 < N 6, the algorithm currently performs a "brute force"
search through all N factorial (N!) permutations ofthe sequence. For each sequence the algorithm first checks whether the sequence is kinematically forbidden (i.e. cos < -1 ), in which case the sequence is rejected. Otherwise it calculates the test statistic (defined in eq. 7). For each event the sequence which minimizes the test statistic is then selected as the true Compton scattering sequence. Rejection of non-Compton events or discrimination between fully and partially absorbed photons, based on some upper threshold on the minimum value of the test statistic, is a desirable feature of the algorithm. The topic of background rejection will be discussed elsewhere in a broader contest. In this paper, an upper threshold on the test statistic has been applied only to reduce the fraction of incorrectly reconstructed Compton events.
Monte Carlo Data
The performance of the algorithm on Monte Carlo data is shown in Figs. 4 and 5. The events have been generated using the GEANT detector simulation package. . 100 keV minimum energy threshold for detection of each interaction . 1 mm RMS position resolution on each coordinate S 10% FWHM at 1 MeV, scaling as l/v'E, energy resolution.
. 5 mm minimum spatial separation on at least one coordinate between each pair of interactions in order to consider two interaction locations mutually resolved. If this condition is not fullfilled the two interactions are clustered and considered as one single interaction
We focus on events with three detected interactions (the minimum number required in the algorithm) since this event class dominates over higher multiplicities in LXeGRIT. Fig. 4 summarizes the results for events in the 1 836 keY fullenergy peak. On the left panel test statistic for the true sequence and for the remaining five false sequences is shown. The right panel displays the fraction of correctly and incorrectly reconstructed events (efficiency and confusion) as a function of the upper threshold applied to test statistic. Efficiency, contamination and the fraction of rejected events are shown as a function of energy in Fig. 5 for an upper threshold of 2 on test statistic. For energies larger than 1 MeV a reconstruction efficiency larger than 50% is achieved.
Experimental Data
The CSR algorithm has been tested with a sample of 3-interaction events from an 88Y source (898 and 1836 keV y-rays) placed 2 m above the detector. The energy spectrum for all the events in the 3-interaction sample, before applying any selection, is shown in Fig. 6 . Since the minimum energy threshold in this sample is '220 keV (see Fig. 9 ), the 898 keV line turns out to be largely suppressed. We note here that the minimum detectable energy is determined not only by the detector signal-to-noise conditions, but also by the trigger conditions and event selections applied during data taking. In Fig. 7 the spatial separation between interactions is shown, and in Fig. 8 the corresponding interaction depth. The distribution for the first interaction peaks at high Z (i.e. small interaction depth), while for the second interaction it peaks in the center and it is relatively fiat for the third interaction, with the maximum towards the bottom of the detector. This is indeed what is expected for a source on the top of the detector, 2 m away. Exploiting the imaging capability of the detector, we impose a maximum separation of 7 cm between interactions, in order to reject background events. Since the attenuation lenght in LXe for 1 MeV photon is cm, separations larger than 7 cm are easily due to pile-up of independent y-rays. The impact of this selection can be evaluated comparing the energy spectrum shown in Fig. 6 to the one in Fig. 9 , top-left panel, where events with energies exceeding 2 MeV have been effectively rejected, as well as events in the Compton continuum, and the 898 keV line, even with reduced statistics, is clearly detected. Dealing with experimental data the true Compton sequence is not known a priori, so that, to estimate the performance of the CSR algorithm, we have necessarly to rely on additional information. As a possible approach to test the performance of the CSR algorithm, we compared experimental to Monte Carlo data (in this case 220 keY energy threshold has been assumed also in the simulation): Fig. 9 separately shows the distribution of the energies deposited in the three interactions, as ordered in a sequence by the CSR algorithm, for the case of 88Y experimental data and for Monte Carlo data for which the true sequence is known. The overall agreement is fairly good: noticeably the three different spectra show significantly distinguishable shape, making the comparison more sensitive. A more direct approach to test the performance of the algorithm on experimental data is the following: since the source position is known, two indipendent measurements of the first Compton scattering angle are given (4i and p<i), translating into the so-called angular resolution measure (ARM), defined as the difference between 4i and pi . Fig. 10 shows the resulting ARM distribution obtained with the 3-interaction events in the 1 836 keY full energy peak, ordered by the CSR algorithm. For each event within 3 cs of the ARM peak around OO, y 30 we assumed the sequence to have been correctly ordered, while larger ARM values are considered wrongly reconstructed sequences. Imposing an upper threshold of 2 on the test statistic, we obtain 55% efficiency, in excellent agreement with the value expected from Monte Carlo. The energy spectrum of these correctly sequenced events is shown in Fig. 6 : the Compton continuum and other back- Figure 9 . 3-interaction events energy spectra for an 88Y source at distance (data selections as described in the text): solid thick line -experimental data, diamonds -+ Monte Carlo data. Left top: energy spectrum as obtained summing up, for each event, the energies in the 3 detected interactions (sum-coincidence mode). Right top: energy spectrum for the first interaction. Left bottom: energy spectrum for the second interaction. Right bottom: energy spectrum for the third interaction.
ground events are clearly suppressed.
FROM LXEGRIT TO XE-ACT
A concept based on gas XeTPCs has been recently proposed9 as a possible candidate for an Advanced Compton Telescope (Xe-ACT), aiming at orders of magnitude improvement over the current sensitivity, and further studies are underway. Going from LXe to high-pressure Xe, a highly improved energy resolution is obtained,10 approaching the theoretical statistical limit. 20 keY FWHM at 1 MeV energy resolution has been conservatively assumed, based on experimental data. Furthermore, in a lower density active medium (e.g. 0.15 g cm3 gas vs. 3.06 g cm3 for LXe) the average separation between two consecutive interactions is much larger, thus improving angular resolution. A 2 x 2 x 2 m3 active volume detector, filled with 0. 15 g cm3 Xe, has been simulated. The performance of the CSR algorithm for 2 MeV photons is shown in Fig. 1 1 : an efficiency exceeding 80% is achieved, with a contamination level < 10%. 10.00 100.00
Test statistic upper threshold Figure 11 . Monte Carlo generated events in the 2000 keY photopeak, for the Xe-ACT described in the text: left: the test statistic for the true sequence (continuos line) and for the remaining five false sequences, right: fraction of correctly and incorrectly reconstructed events (efficiency and confusion) as a function of upper threshold on test statistic.
CONCLUSIONS
The efficiency of the LXeGRIT instrument as a Compton telescope depends on the capability to order the sequence of multiple Compton interactions detected in the TPC. This capability has been experimentally tested, and we conclude that the true sequence can be efficiently (efficiency r 60% for 1 .8 MeV photons) determined, in good agreement with expectations (i.e. Monte Carlo model). The experience gained in operating the LXeGRIT detector also suggests possible ways to improve this performance based on realistic detector conditions. 
